Introduction
The lymphatic system consists of lymphatic networks and lymphoid organs (1) . Unlike the blood vascular system, where the fluid (blood) leaves and returns to the same organ (the heart), lymphatic vessels start from the tissue interstitium as capillary lymphatics, become the collectors, and eventually end at the venous connection as the thoracic duct, the biggest-caliber lymphatic vessel. While capillary lymphatics are composed of a single layer of overlapping lymphatic endothelial cells (LECs) and are devoid of mural cells and continuous basement membrane, collecting lymphatic vessels are equipped with luminal valves, as well as mural cells and basement membrane. Whereas LECs in lymphatic capillaries are expected to experience a basal-to-apical interstitial flow, followed by unidirectional laminar flow to downstream compartments, the cells in the collecting lymphatics are more likely exposed to oscillatory flow.
Blood vessels carry a relatively constant volume of blood and remain distended at normal steady state. Lymphatic capillaries, however, remain collapsed until a significant volume of interstitial fluid flows into the lumen. As tissue fluid drainage is a primary function of lymphatic vessels, fluid flow was hypothesized to serve as an important nonbiological lymphangiogenic stimulus (2) . Indeed, the initial pioneering studies using in vivo models showed that interstitial fluid flow caused by functional drainage serves as a critical morphogenic mediator of lymphatic vessel organization by controlling LEC migration, VEGF-C expression, and lymphatic capillary network formation (3) (4) (5) . An increase in embryonic fluid drainage was previously found to coincide with the initial lymphatic development and serve as a signal for embryonic lymphatic expansion (6) . Lymph drainage and flow were also shown to regulate collecting lymphatic vessel maturation as well as luminal valve formation and development in vivo (7, 8) . A recent study using a 3D in vitro biomimetic model showed that interstitial flow alone is sufficient to activate lymphatic sprouting, and that this mechanical force synergizes with biological stimuli to enhance lymphatic growth (9) . Therefore, flow-induced mechanical signals, together with biological stimuli, seem to play critical roles in lymphatic growth, expansion, maturation, valve formation, and remodeling (10) .
Studies have shown that steady laminar flow at a rate equivalent to blood flow (greater than ~10 dyn/cm 2 ) causes a variety of responses in blood vessel endothelial cells (BECs), including elongated cell morphology, cell proliferation arrest, increased
The major function of the lymphatic system is to drain interstitial fluid from tissue. Functional drainage causes increased fluid flow that triggers lymphatic expansion, which is conceptually similar to hypoxia-triggered angiogenesis. Here, we have identified a mechanotransduction pathway that translates laminar flow-induced shear stress to activation of lymphatic sprouting. While low-rate laminar flow commonly induces the classic shear stress responses in blood endothelial cells and lymphatic endothelial cells (LECs), only LECs display reduced Notch activity and increased sprouting capacity. In response to flow, the plasma membrane calcium channel ORAI1 mediates calcium influx in LECs and activates calmodulin to facilitate a physical interaction between Krüppel-like factor 2 (KLF2), the major regulator of shear responses, and PROX1, the master regulator of lymphatic development. The PROX1/KLF2 complex upregulates the expression of DTX1 and DTX3L. DTX1 and DTX3L, functioning as a heterodimeric Notch E3 ligase, concertedly downregulate NOTCH1 activity and enhance lymphatic sprouting. Notably, overexpression of the calcium reporter GCaMP3 unexpectedly inhibited lymphatic sprouting, presumably by disturbing calcium signaling. Endothelial-specific knockouts of Orai1 and Klf2 also markedly impaired lymphatic sprouting. Moreover, Dtx3l loss of function led to defective lymphatic sprouting, while Dtx3l gain of function rescued impaired sprouting in Orai1 KO embryos. Together, the data reveal a molecular mechanism underlying laminar flow-induced lymphatic sprouting.
Laminar flow downregulates Notch activity to promote lymphatic sprouting Because Notch activity has been shown to be a key regulator of lymphatic sprouting (19) (20) (21) (22) (23) , we next evaluated the effect of the low-rate laminar flow on the in vitro sprouting potential of LECs by spheroid-based sprouting and microfluidic vascular mimetic assays (24) (25) (26) (27) . In spheroid-based sprouting assays (24, 25) , flow-exposed LECs displayed increased sprout-forming capacity, whereas the same treatment in BECs did not show the same phenotype ( Figure 1E ). We next created a 3D vascular mimetic model by lining microfluidic channels with single-donor-derived BECs and LECs and subsequently subjected them to steady intraluminal laminar flow (26, 27) . Consistent with the spheroid-based sprouting assays, laminar flow strongly enhanced LEC sprouting, but did not induce the same response in BECs ( Figure 1F and Supplemental Figure 1I ). These data show that although LECs and BECs similarly exhibit the conventional shear stress responses to the low-rate steady laminar flow, only LECs increase their sprouting capability by suppressing Notch.
Calcium influx through ORAI1 is essential for the laminar flowinduced suppression of Notch activity and enhanced sprouting in LECs. As intracellular calcium mobilization is a hallmark immediate response to shear stress in endothelial cells, we next studied the dynamics of laminar flow-induced calcium influx in LECs. The calcium signal was activated in LECs within the first minute of the onset of laminar flow, after which it gradually decreased despite the continuous presence of laminar flow ( Figure 2 , A and B), consistent with a previous study (28) . Since the calcium channel responsible for the flow-induced intracellular calcium increase has not been identified in LECs, we searched for the key calcium channel protein that may control the downstream shear stress responses in LECs, particularly Notch downregulation. Our search found that inhibition of store-operated calcium entry (SOCE) (29) with low concentrations of SKF-96365 (a nonspecific inhibitor of SOCE) could efficiently block the laminar flow-induced calcium mobilization in LECs (Figure 2, A and B) . More specifically, when we knocked down ORAI1, a pore subunit of the CRAC channel that is involved in the SOCE process (30) , the flow-mediated reduction of NICD1 as well as the increased calcium influx in LECs was completely abrogated ( Figure 2C and Supplemental Figure 2 ), suggesting that ORAI1 is responsible for the laminar flow-induced calcium mobilization and NOTCH1 downregulation in LECs. Moreover, ORAI1 knockdown also significantly reversed the flowinduced downregulation of Notch pathway genes in LECs, but did not yield any effects in BECs ( Figure 2D ). In addition, ORAI1 knockdown abolished the in vitro sprouting capacity of LECs stimulated by laminar flow, while not altering BEC sprouting (Figure 2E ). These data imply that ORAI1, responsible for the laminar flow-induced calcium entry, is essential for the NOTCH1 suppression and enhanced sprouting in LECs.
ORAI1 function is required for lymphatic sprouting during development. We next investigated the vascular phenotypes in Orai1 KO mice (31) . Conventional Orai1 KO embryos and rarely surviving postnatal mice displayed abnormally enlarged lymphatic vessels with reduced number of sprouts and branches in their back skins and ears, respectively ( Figure 3 , A and B, and Supplemental Figure  3 ). Morphometric analyses revealed that Orai1 knockout caused defective lymphatic development, characterized by reduced number (~50%) of lymphatic branching points and increased distance calcium entry, Notch activation, and upregulation of Krüppel-like factor 2 (KLF2), the master regulator of the shear stress response (11) (12) (13) (14) (15) (16) (17) . Moreover, fluid shear stress can promote endothelial differentiation of bone marrow-derived progenitor cells and embryonic stem cells in vitro (16) . Similarly, blood flow reprograms lymphatic vessels to blood vessels in mice (18) . Thus, it is clear that fluid flow has a substantial effect on establishment and maintenance of the blood vascular system. In comparison, the molecular basis of functional drainage-induced lymphatic expansion remains undefined. In this study, we aimed to gain a mechanistic understanding of how the flow functions as a growth stimulus for lymphatic vessels during development. Our data show that laminar flow activates ORAI1, a major component of the calcium release-activated calcium (CRAC) channel, and results in calcium influx in LECs. Increased intracellular calcium, in turn, activates calmodulin (CaM) to promote a complex formation between a key shear stress regulator, KLF2, and the master regulator of lymphatic development, PROX1. The resulting KLF2/PROX1/ Ca 2+ -CaM protein complex upregulates a heterodimeric Notch E3 ligase, encoded by Dtx1 (deltex E3 ubiquitin ligase 1) and Dtx3l (deltex E3 ubiquitin ligase 3L), which activates lymphatic sprouting through suppression of Notch activity. Together, our findings uncover a molecular mechanism underlying the laminar flowinduced lymphatic expansion.
Results
Laminar flow selectively suppresses NOTCH activity in LECs and increases lymphatic sprouting. We aimed to study the impact of lowrate laminar flow generated from functional lymphatic drainage on lymphatic development. Currently, the shear force levels in the developing embryonic lymphatic network are unknown. Thus, we applied various levels of laminar shear force on cultured LECs and found that steady laminar flow at approximately 2 dyn/cm 2 or higher clearly and consistently generated the classic endothelial shear stress responses, such as elongated cell morphology, upregulation of KLF2 and endothelial NOS, and calcium influx ( Figure  1A Figure 1C) , possibly because the applied shear force (~2 dyn/cm 2 ) was much lower than the physiological levels in blood vessels (10-20 dyn/cm 2 ). Moreover, whereas the mRNA level of NOTCH1 was not altered (Supplemental Figure 1D) , the protein level of the NOTCH1 intracellular domain (NICD1) was significantly reduced in LECs, but not in BECs, by the laminar flow ( Figure 1C and Supplemental Figure 1E ). In comparison, NICD4 protein level was not changed in either cell type by laminar flow (Supplemental Figure 1 , F and G). Consistent with these findings, a Notch activity reporter assay using an RBP-JK-responsive luciferase vector confirmed that the steady laminar flow decreased Notch activity in LECs ( Figure 1D) . Notably, the PROX1 protein level was not changed by this experimental condition (Supplemental Figure 1H ), although a higher flow rate (20 dyn/cm 2 ) downregulated PROX1 with loss of the LEC identity (18). ). The intensity of the Western blotting bands is quantitated in Supplemental Figure 1E . A monoclonal anti-NOTCH1 antibody that specifically detects the cleaved form of NOTCH1 at Val1744 was used. Blots presented are derived from replicate samples run on parallel gels. (D) Luciferase assay showing the flow-mediated suppression of Notch activity in LECs. LECs were transfected with a Notch activity reporter (pGa981-6) (60) and exposed to laminar flow (2 dyn/cm 2 ) for 24 or 48 hours before measurement of luciferase activity. (E) Spheroid-based sprouting assays. Cells were exposed or not exposed to laminar flow (2 dyn/cm 2 ) for 24 hours, stained with a CellTracker dye, aggregated in methylcellulose polymers, and then embedded in Matrigel. After 24 hours, images of more than 20 spheroids were taken for analyses, and relative sprout numbers were quantified in the graph. (F) Biomimetic sprouting assay. Intraluminal laminar flow (5 dyn/cm 2 ) was applied onto a layer of LECs lining the inner wall of the vascular mimetic channels made in collagen gel. Scale bars: 100 μm. Relative sprout length and number were graphed. Each experiment was independently performed at least 3 times with consistent results. Data are expressed as SEM and SD from 1 representative data set. *P < 0.05; # P < 0.01; § P < 0.001; t test. peptide mainly through its N-terminal region. To further confirm these biochemical data, we performed a series of co-immunoprecipitation (co-IP) assays for FLAG-tagged PROX1 and HA-tagged CaM proteins that were coexpressed in HEK293 cells with or without altering effective calcium concentration. These assays revealed that PROX1 could be coprecipitated with CaM, and also that the PROX1/CaM interaction could be inhibited by Bapta-AM (calcium chelator), but promoted by ionomycin (Ca 2+ ionophore) and KCl (Ca 2+ influx inducer) ( Figure 4E and Supplemental Figure  5A ). In addition, we also carried out co-IP assays for endogenous PROX1 and CaM proteins in LECs that were pre-exposed to laminar flow. This study found that the PROX1/CaM interaction was significantly increased (~7-fold) in LECs by steady laminar flow, and that the increased interaction could be significantly reversed by Bapta-AM (~3.5-fold) ( Figure 4F and Supplemental Figure 5B ).
We next investigated the impact of CaM overexpression on lymphatic sprouting using the GCaMP3 calcium reporter mouse. GCaMP3, a fusion protein of CaM and GFP, was originally developed as a calcium reporter. The GCaMP3 reporter mouse has been widely used as an animal model for live imaging of in vivo calcium dynamics (36) . However, modifying its original purpose, we used the GCaMP3 reporter mouse as a transgenic model that conditionally overexpresses CaM in order to study the impact of overly expressed CaM protein on lymphangiogenesis. We first confirmed that PROX1 interacts with GCaMP3 through the CaM sequences (Supplemental Figure 6 ). Indeed, when GCaMP3 was conditionally overexpressed in Tie2-and Prox1-expressing cells during embryogenesis using Tie2-Cre and Prox1-CreER
T2
, respectively, GCaMP3 overexpression unexpectedly caused extremely enlarged, abnormal lymphatic vessels with severely reduced branches ( Figure 4G ). We speculate that these surprising gain-offunction lymphatic phenotypes may be caused by disturbed calcium signaling due to an excessive expression of GCaMP3 in LECs. In summary, PROX1 physically interacts with CaM in a calciumdependent manner, and the PROX1/CaM interaction is dramatically enhanced by the steady laminar flow. Furthermore, ectopic overexpression of CaM causes abnormally enlarged lymphatic vessels with defective branching morphogenesis.
CaM promotes a complex formation between PROX1 and KLF2 in a calcium-dependent manner. From our separate effort to find PROX1-interacting proteins, we fortuitously identified KLF2 as a PROX1 binding protein ( Figure 5A ). Because KLF2 is the master regulator for shear stress responses (37) and is dramatically upregulated by steady laminar flow in LECs ( Figure 1A ), we asked whether KLF2 may be involved in the flow-induced Notch downregulation. Supporting this notion, the PROX1/KLF2 interaction was decreased by calcium chelation, but enhanced by ionomycin, in HEK293T cells ( Figure 5B and Supplemental Figure 5C ), indicating the dependence of the PROX1/KLF2 interaction on the presence of calcium. Moreover, the PROX1/KLF2 interaction was enhanced by ectopic expression of HA-tagged CaM ( Figure 5C and Supplemental Figure 5D ). Although endogenous CaM proteins may be abundantly present in the cells, an additional expression of CaM could further enhance the PROX1/KLF2 interaction.
These data raised a possibility that CaM may facilitate the interaction between PROX1 and KLF2 and form a triple protein complex in the presence of increased intracellular calcium. In (1.5-to 2-fold) between the branching points in the lymphatic networks. In contrast, blood vessels in Orai1 KO embryos and adults exhibited slightly denser vascular networks with increased number of branching points and marginally reduced distance between the branching points. These vascular patterning phenotypes were also observed in endothelial-specific, inducible Orai1 KO embryos (referred to hereafter as Orai1 Calcium signal activates CaM to interact with PROX1. We next investigated how the flow-induced calcium influx through ORAI1 causes the LEC-specific shear stress phenotypes, in particular NICD1 downregulation. Seeking initial insights into this question, we asked what LEC-specific molecules could be affected in their functions by calcium signaling. Interestingly, our bioinformaticsbased screening discovered that PROX1, the master regulator of lymphatic differentiation and development (34) , contains a highprobability CaM-binding site in its N-terminal region (Supplemental Figure 4A ) and suggested a possible physical interaction between PROX1 and CaM proteins. We therefore generated an array of recombinant GST-PROX1 fusion fragments (Supplemental Figure 4B ), and performed the CaM overlay assays (35) to evaluate the protein/protein interaction between PROX1 fragments and CaM. Indeed, the PROX1 D1 fragment, spanning from the first to the 168th amino acid of PROX1, displayed a strong binding affinity to CaM in the presence of calcium, but this interaction was abolished by a calcium chelator, EGTA ( Figure 4A ). We generated a panel of PROX1 substitution mutants by replacing the nonpolar/ hydrophobic amino acid residues in the predicted CaM-binding region (aa 14-35) with a polar/charged residue, aspartic acid (Figure 4B) . We performed the CaM overlay assay using these substitution mutant fragments, and found that the V23D and V27D mutations abolished the PROX1/CaM interaction ( Figure 4C ), indicating the essential role of Val23 and Val27 in the interaction between PROX1 and CaM.
To identify the PROX1 binding region in CaM protein, we performed high-resolution NMR spectroscopy on the interaction between the Ca (A) Immunofluorescence images of lymphatic and blood vessels in the back skins of WT and Orai1 KO embryos (E15.5). Lymphatics were stained for LYVE-1, and blood vessels were visualized by anti-CD31 staining. The graph shows the relative number of branching points (BP no.) and average distance between the branching points (BP-BP dis. Figure 5G ). In turn, when the flow-induced KLF2 expression was inhibited by siRNA-mediated knockdown in LECs, the laminar flow could no longer decrease the NICD1 protein level, indicating the essential role of KLF2 in the flow-mediated downregulation of NOTCH1 ( Figure 5H ). We next studied the in vivo effect of KLF2 inhibition on lymphatic development by inducing endothelial-specific knockout of Klf2 (Klf2 ECKO ECKO embryos (E15.5, n > 6) developed severe nuchal edema, often displaying blood-filled lymphatics (Supplemental Figure 7) .
Klf2
ECKO embryos displayed profoundly enlarged lymphatic vessels and impaired lymphatic sprouting, determined by a reduced number of branching points and an increased distance between the branching points, compared with WT controls ( Figure 5 , I and J, and Supplemental Figure 8 ). Together, our data show that Klf2 is required for the laminar flow to downregulate NICD1, and also that KLF2 ablation causes abnormally enlarged lymphatic vessels with defective lymphatic sprouting.
PROX1/KLF2 selectively suppresses Notch by upregulation of DTX1 and DTX3L in LECs. The finding of LEC-specific suppression of Notch activity directed us to hypothesize that there may be Notch activity modifiers acting selectively in LECs. We thus searched for putative modifiers that were differentially expressed in LECs and BECs under the laminar flow conditions. DTX1 and DTX3L were identified from our transcriptional profiling analyses as the candidates based on their previous association with Notch signaling as a heterodimeric E3 ligase (39) (40) (41) (42) . While DTX3L mRNA was upregulated specifically in LECs in response to laminar flow, DTX1 mRNA was commonly upregulated in LECs and BECs ( Figure 6, A and B) . This finding was also confirmed by the protein levels (Supplemental Figure 9) . ChIP assays revealed that PROX1 and KLF2 proteins were physically associated with the promoters of the DTX1 and DTX3L genes, and that their promoter occupancies were significantly increased by laminar flow. Notably, these flow-increased promoter occupancies were reversed by an inhibitor of SOCE (SKF-96365) ( Figure 6, C and D) , indicating that the flow-induced bindings of PROX1 and KLF2 to the promoters of DTX1 and DTX3L are dependent on ORAI1 function. Functionally, DTX1 and DTX3L proteins were found to synergistically reduce the endogenous NICD1 level in HEK293 cells and LECs ( Figure 6 , E and F, and Supplemental Figure 10, A and B) . Simultaneous knockdown of DTX1 and DTX3L showed a synergy in reversing the flow-mediated decrease of NICD1 level in LECs ( Figure 6G and Supplemental Figure 10C) . Moreover, the flowinduced increase in sprouting capacity was significantly reduced by knockdown of DTX1 or DTX3L in LECs (Figure 6H ), indicating the critical role of DTX1 and DTX3L in the flow-mediated promotion of lymphatic sprouting.
Since DTX3L was uniquely upregulated in LECs after exposure to laminar flow, we generated Dtx3l KO mice using Cas9 techorder to address this hypothesis, we asked whether these 3 proteins can be found in a complex at the same time, and thus performed a serial co-IP assay. Myc-PROX1, FLAG-KLF2, and HACaM were expressed in HEK293 cells. A negative control was also prepared without FLAG-KLF2. We first set up an immunoprecipitation of the KLF2-containing complexes from both cell lysates. From the KLF2 precipitates obtained from the KLF2-expressing cells, we next performed an immunoprecipitation of CaM protein. In this serially precipitated CaM-containing protein complex, we checked the presence or absence of PROX1 protein by Western blotting for PROX1 ( Figure 5D ). Indeed, PROX1 protein was found in the protein complex that was immunoprecipitated sequentially by KLF2 and CaM, suggesting that the 3 proteins form a stable multiprotein complex. Notably, the PROX1/KLF2 interaction was undetectable in the statically cultured LECs, but was strongly enhanced in LECs that were pre-exposed to laminar flow for 3 hours ( Figure 5E ). Importantly, calcium was required for the initial formation, but not for the maintenance, of the PROX1/KLF2 complex by laminar flow, because pretreatment of LECs with Bapta-AM prior to the onset of fluid flow efficiently blocked the flow-induced formation of the complex, whereas treatment of LECs after laminar flow exposure did not disrupt the already formed complex ( Figure 5F ). In sum, these studies suggest that laminar flow activates KLF2, PROX1, and CaM proteins to form a multiprotein complex in LECs in a calciumdependent manner. Figure 10C . (H) Spheroid-based sprouting assay showing that sprouting capability was significantly reduced by knockdown of DTX1 or DTX3L. LECs were transfected with control siRNA (siCTR), siRNA for DTX1 (siDTX1), or siRNA for DTX3L (siDTX3L) for 12 hours, exposed to laminar flow (2 dyn/cm 2 ) for 24 hours, and subjected to sprouting assays as described in Figure 1E (n > 20 spheroids). (I) Lymphatics and blood vessels were visualized by LYVE-1 and CD31 staining, respectively, in the back skins of WT and Dtx3l KO embryos (E15.5). Boxed areas are enlarged at right. Scale bars: 100 μm. (J) The number of branching points (BP no.) and distance between the branching points (BP-BP dis.) of lymphatic vessels (LV) and blood vessels (BV) were quantified and graphed. More than 4 embryos per genotype harvested from at least 3 independent litters were analyzed. Data are expressed as SEM and SD. # P < 0.01; § P < 0.001. . Together, these data suggest that ORAI1 is essential for normal lymphatic sprouting by suppressing Notch activity via upregulation of DTX1 and DTX3L. Additionally, the defective lymphatic sprouting caused by Orai1 deletion could be rescued by ectopic expression of Dtx3l.
Discussion
Considering interstitial fluid drainage as the major function of the lymphatics, the basal-to-apical interstitial flow and the subsequent intraluminal flow caused by an overwhelming volume of tissue fluid could serve as an important expansion signal that triggers embryonic and postnatal lymphangiogenesis. This kind of fluid flow-driven lymphangiogenesis may be conceptually similar to hypoxia-activated angiogenesis in purpose to execute their physiological function. Fluid flow resulting from the functional drainage of embryonic fluid imposes shear stress on LECs in the lumen of developing lymphatic vessels. In this study, we investigated how laminar fluid flow activates lymphatic expansion during embryonic lymphatic development. Our in vitro and animalbased findings of this study allow us to build a working model for the molecular mechanism by which steady laminar flow induces lymphatic sprouting ( Figure 8E ). In our proposed model, steady laminar flow activates calcium influx in LECs through the ORAI1-containing calcium channel and thus increases the concentration of calcium-loaded CaM. Increased Ca 2+ /CaM, in turn, facilitates a complex formation between PROX1, CaM, and KLF2 proteins, which binds to the promoters of the DTX1 and DTX3L genes and activates their gene expression. Subsequently, upregulated DTX1 and DTX3L proteins form a heterodimeric NOTCH1 E3 ligase that degrades NICD1 protein, leading to activation of lymphatic sprouting. We propose that this mechanism, uniquely operating in lymphatic vessels, presents a key mechanotransduction pathway, through which LECs translate the hemodynamic force to a biological response, specifically, sprouting. In addition, we found in a separate study that steady laminar flow also enhances cell proliferation of LECs by upregulating VEGF-A, VEGF-C, and FGFR3 through the ORAI1/KLF2 pathway (44) .
A previous study has nicely demonstrated the presence of embryonic fluid drainage and flow as early as mouse E11.5 and established the interrelationship among embryonic tissue fluid accumulation, fluid pressure increase, elongation and stretching of LECs, VEGFR-3 activation, LEC proliferation, and fluid drainage (6) . Despite the convincing presence of lymphatic fluid flow at this developmental stage, however, the precise shear force level in developing embryonic lymphatic networks remains unknown and is thought to be experimentally challenging to measure. On the other hand, shear force levels in other postnatal lymphatics have been previously estimated. Under a basal physiological condition, the shear force level was approximately 0.64 dyn/cm 2 in a collecting lymphatic vessel (45), 0.001 dyn/cm 2 in mouse tail capillaries (46), and 0.003 dyn/cm 2 in human skin capillaries (47) . Compared with these very low shear force levels, however, conceptual predicnology (43) and studied the impact of genetic ablation of Dtx3l on embryonic lymphatic development. Dtx3l KO mice apparently are fertile and grossly normal until 4-6 months of age, after which they tend to become unhealthy and die much earlier than their WT littermates. In developing embryos, DTX3L-deficient lymphatic vessels displayed defective lymphatic sprouting with a reduced number of branching points and an increased distance between the branching points, compared with those in WT embryos (Figure 6, I and J, and Supplemental Figure 11 ). In addition, whereas WT lymphatic vessels showed characteristic jagged and invasiveappearing tips, DTX3L-deficient lymphatic vessels had atypical dull and round vessel tips. Together, these results suggest that laminar flow upregulates a NOTCH1 E3 ligase, composed of DTX1 and DTX3L, which reduces NICD1 level in LECs and increases lymphatic sprouting.
ORAI1 and DTX3L are required for the suppression of Notch signal in developing lymphatic vessels. We next aimed to corroborate the epistatic relationships among ORAI1, KLF2, DTX3L, and Notch pathway, which were established based on the above in vitro experiments, using ORAI1 and DTX3L mutant embryos. For this purpose, we determined the mRNA levels of Klf2, Dtx3l, Nrarp, Hey1, and/or Hey2 in primary dermal LECs freshly isolated from the WT and mutant embryos. In LECs from Orai1 KO embryos, Klf2 and Dtx3l were found to be downregulated, while Nrarp, Hey1, and Hey2 were upregulated, compared with those in LECs from the WT litter embryos ( Figure 7A) . Moreover, the Notch pathway genes were upregulated in LECs freshly isolated from Dtx3l KO embryos, compared with those in the WT LECs ( Figure 7B ). Consistent with these mRNA expression patterns, the protein levels of NICD1 were increased in the back skins and intestines of Orai1 KO ( Figure 7C ) and Dtx3l KO ( Figure 7D ) embryos. These data imply that ORAI1 and DTX3L are required for the suppression of Notch signal in embryonic LECs, presumably by functional fluid drainage during embryonic development.
DTX3L overexpression rescues lymphatic sprouting defects of Orai1 KO mouse. We next asked whether ectopic expression of DTX3L could rescue the defective lymphatic sprouting caused by genetic deletion of Orai1. For this, we generated an inducible Dtx3l transgenic mouse line, which harbors a transgene cassette consisting of transcription termination (poly-A) signals flanked by LoxP sites (LSL) that are followed by the Dtx3l-coding sequences (LSL-Dtx3l). These LSL-Dtx3l transgenic mice were mated with Prox1-EGFP and Cdh5(PAC)-CreER T2 mice, and resulting pregnant females were injected with tamoxifen at E11.5 and E13.5 for vascular analyses at E15.5 [LSL-Dtx3l Cdh5(PAC)-CreER T2 Prox1-EGFP mice, hereafter known as Dtx3l
TG mice]. Indeed, endothelial-specific expression of Dtx3l in the transgenic Dtx3l TG embryos caused a hypersprouting of the lymphatics, in comparison with the WT embryo ( Figure 8,  A and B) . Interestingly, ectopic expression of Dtx3l also appeared to slightly increase blood vessel sprouting. We next intercrossed the LSL-Dtx3l Cdh5(PAC)-CreER T2 mice (Dtx3l TG mice without the Prox1-EGFP reporter) and/or Orai1 fl/fl mice. The resulting pregnant females were injected with tamoxifen at E11.5 and 13.5, followed by embryo harvest at E15.5 for vascular analyses. As expected,
] showed severely defective lymphatic sprouting (Figure 8, C and D) . However, this defective lymphatic sprouting could be largely rescued by simul- ) on cultured human primary dermal LECs and found that a laminar shear force level higher than approximately 1 dyn/cm 2 was needed to clearly trigger the classic endothelial tions would suggest that much higher levels of mechanical force may be required as growth stimuli to activate mature and quiescent postnatal lymphatic vessels to form new sprouts. Furthermore, developing lymphatics in rapidly growing embryos will experience much higher levels of hemodynamic force by dealing with an over- upregulated the Notch target genes (Figure 7 ). An equally important finding is that both mRNA and protein levels of DTX3L were upregulated by laminar flow selectively in LECs but not in BECs ( Figure 6B and Supplemental Figure 9 ). This implies that DTX3L is a critical player in the laminar flow-induced Notch downregulation in LECs. Supporting this notion, ectopic expression of DTX3L is sufficient to promote sprouting of both blood and lymphatic vessels ( Figure 8, A and B) . Together, a cooperative upregulation of DTX3L by PROX1, CaM, and KLF2 accounts for Notch downregulation in LECs and increased lymphatic sprouting in response to low-rate steady laminar flow. Although both LECs and BECs display the classic responses to shear stress, only LECs downregulated Notch activity and enhanced sprouting, when exposed to low-rate steady laminar flow. In comparison, the same experimental condition did not trigger comparable phenotypes in BECs. It is necessary to exert caution in interpreting these data in BECs, because our shear force level was much lower than the physiological levels that BECs may experience in vivo. Nonetheless, Notch signal suppression through NICD1 downregulation may be a unique event that requires a lymphatic-specific mechanism. Indeed, NICD1 downregulation was found to be orchestrated by the lymphatic-specific protein PROX1 that interplays with the master regulator of the shear stress response, KLF2, and the Ca 2+ signal mediator, CaM. Despite the clear presence of KLF2 upregulation and increased Ca 2+ entry, laminar flow did not alter Notch activity in BECs, presumably because of the absence of PROX1. Therefore, we propose that the shear stress phenotype of BECs may be the "default" endothelial response, produced by KLF2 and CaM in the absence of the lymphatic-specific factor PROX1. In comparison, because BECs differentiate into LECs through the expression of PROX1, the unique shear stress phenotypes of LECs may be a "newly acquired" response choreographed by the lymphatic-specific PROX1 in collaboration with the 2 "old" players, KLF2 and CaM. Therefore, it would be very interesting to define how PROX1 can modify the collaborative function of KLF2 and CaM by comparing their functional interplays in LECs versus BECs. Moreover, it will be intriguing to define the molecular basis for the increased blood vessel network formation in Orai1 KO embryos.
In summary, fluid flow has long been thought to be a key nonbiological growth stimulus for lymphatic expansion. This is in agreement with the major function of the lymphatics, that is, draining interstitial fluid. Here, our working model illustrates a molecular mechanism underlying the lymphatic-specific activation of sprouting by laminar flow, underscoring the differential responses of the 2 vascular systems. Our study not only offers a better understanding of flow-induced lymphatic expansion, but also provides significant insight into other mechanotransduction pathways in endothelial cells.
Methods
Cell culture-related reagents and assays. Human primary endothelial cells (LECs and BECs) were cultured in media based on Endothelial Basal Media (EBM, Lonza) as previously described (57, 58) . Primary cells under seventh population doublings (passage) were used for this study. HEK293 cells were obtained from American Type Culture Collection and cultured in DMEM (Genesee Scientific) supplemented shear stress responses, such as cellular elongation, upregulation of KLF2 and endothelial NOS, and calcium influx (44) , suggesting this range of fluid shear stress as a threshold shear force to trigger vascular remodeling phenotypes in vitro. In this study, we thus applied a shear force at approximately 2 dyn/cm 2 to cultured LECs for all our experiments, except for the 3D biomimetic model ( Figure 1F and Supplemental Figure 1I) , where approximately 5 dyn/cm 2 was applied to activate an efficient blood vessel growth. This minimum force level, similarly termed as a "set point" (48) , for cultured LECs is consistent with an elegant study by Baeyens et al. (49) , which demonstrated that the set point in LECs for the flow-induced cellular elongation and reorientation is much lower than that in HUVECs (10-20 dyn/cm 2 ) because of the presence of VEGFR-3 in LECs. Moreover, separate studies have shown that flow-activated calcium influx in LECs reaches its maximum level at approximately 3 dyn/cm 2 (28) , whereas the half-maximal activation in HUVECs occurred at a shear stress of 30 dyn/cm 2 (50) . LECs in developing, immature lymphatic vessels during embryogenesis appear to experience steady laminar flow, especially when the interstitial fluid load rapidly increases (6) . Given the dynamics of embryonic interstitial fluid, we hypothesize that our working model for the laminar flow-induced lymphatic sprouting may be best applicable to early lymphatic capillaries during development, rather than more matured and large-caliber collecting lymphatics, where PROX1 expression is downregulated and oscillatory flow is the dominant pattern (51) . It is important to note that the 2 flow patterns, laminar versus oscillatory, induce somewhat different shear stress transcriptional signatures in LECs. While laminar flow (0.25-5 dyn/cm 2 ) profoundly induces KLF2 in LECs ( Figure 1A ), oscillatory flow (~4 dyn/cm 2 ) augments the valveforming cell characteristics in LECs without upregulation of KLF2 (8) . Moreover, steady laminar flow condition did not change the expression of FOXC2, GATA2, and GJA4 (also known as CX37), which have been shown to be upregulated by oscillatory flow and to play key roles in lymphatic valve formation (8, (52) (53) (54) . On the other hand, laminar flow was found to promote maturation of collecting lymphatic vessels during development (7), and laminar flow at the blood flow rate downregulates PROX1 and reprograms collecting lymphatics to adopt blood vessel phenotypes (18) . Thus, fluid flow at different strengths and patterns may induce different responses in endothelial cells apparently through distinct mechanisms.
Notch signal plays a critical role in controlling vascular expansion and remodeling (19) (20) (21) (22) (23) . Importantly, a reduction or loss of Notch signaling activates both blood vascular and lymphatic sprouting during development. Deltex (DTX) proteins were originally isolated as a regulator of Notch signaling in Drosophila. Deltex and its mammalian homolog DTX1 can either promote or inhibit Notch signaling depending on the cellular context. While deltex and DTX1 can promote Notch-dependent transcriptional activity, they also function as an E3 ligase that targets Notch protein for ubiquitination and degradation (40, 41, 55, 56) . Notably, DTX3L interacts with DTX1 to form a more active heterodimeric E3 ligase (39, 42) . Our study shows that DTX3L knockdown phenocopied ORAI1 knockdown in cultured LECs, abrogating flow-induced Notch downregulation ( Figure 2C and Figure 6G ). These in vitro data were further confirmed in animal models: Both Dtx3l knockout and Orai1 knockout increased NICD1 levels and 1 2 3 9 jci.org Volume 127 Number 4 April 2017
injection of the gel-purified SaII/PacI fragment from the Dtx3l transgenic vector (YH3004; see below for detailed information). Dtx3l KO mice were generated by pronuclear injection of recombinant Cas9 protein and 2 guide RNAs (AACUACUAAAAAGCCAGUAGAGG and UUGUGAUGACAUACAUCCCCAGG) for Dtx3l (PNA Bio) in the University of Southern California Norris Comprehensive Cancer Center Transgenic/Knockout Rodent Core. Cellular, molecular, and biochemical assays. Detailed information on isolation of mouse embryonic dermal LECs, gene and protein expression, plasmids and vectors, mutagenesis, Notch activity reporter assay, confocal laser-scanning fluorescence microscopy for calcium imaging, CaM overlay assay, NMR study, co-IP, and 3D microfluidic sprouting assay is available in Supplemental Methods. Sequences of all the primers and siRNAs are listed in Supplemental Table 2 .
Statistics. Student's t test (2-tailed) was used to determine whether the differences between the experimental and control groups were statistically significant. A P value less than 0.05 was considered to be statistically significant. The analyses were performed using Microsoft Excel (Microsoft Office) and GraphPad Prism 6 (GraphPad Software Inc.).
Study approval. Human primary BECs and LECs were isolated and cultured from deidentified human neonatal foreskins with approval by the Institutional Review Board of the University of Southern California (principal investigator, YK Hong). Animal-related studies were approved by the University of Southern California Institutional Animal Care and Use Committee (principal investigator, YK Hong).
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with 10% calf serum and antibiotics (Invitrogen). Continuous laminar flow was generated based on the orbital rotation of culture medium over a monolayer of endothelial cells in a standard CO 2 incubator as previously reported (15) . Steady laminar flow was applied at 2 dyn/cm 2 for all experiments in this study, except for Figure 1F and Supplemental Figure 1I (5 dyn/cm 2 ), as previously described (15) . Spheroid-based sprouting assay was performed as described (25) . Briefly, cells were exposed to laminar flow for 24 hours and then treated with a CellTracker (Molecular Probes; C7025, 1.5 μM) dye for 0.5 hours. If necessary, cells were transfected with siRNA for 24 hours before the onset of laminar flow. The cells were mixed with Methocel (20%; Dow Chemical Co.), aggregated in hanging drops for 24 hours, and then embedded in Matrigel for 24 hours before imaging. Sources of antibodies for Western blot analyses and immunostaining are listed in Supplemental Table 1 . See complete unedited blots in the supplemental material. The sources of reagents used in this study are: SKF-96365 hydrochloride, Tocris Bioscience; Tamoxifen Free Base, MP Biomedicals; and Bapta-AM, Sigma-Aldrich.
Animal-related studies. All mice were maintained and used for experiments in mixed backgrounds, except for Orai1 conventional KO mice, which were maintained in the C57BL/6 background. The Dtx3l conditional transgenic mouse line was generated by micro-
